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Photosensitizing agents are the cornerstone of photodynamic therapy (PDT) that play 
essential role in deactivation process of multidrug resistant pathogens and tumor 
treatments. In this work we studied a photosensitizing agent made from mixture of silver 
nanoparticles (Ag NPs) and methylene blue (MB) which possess improved important 
characteristics like high photostability and high singlet oxygen yield. Ag NPs were 
synthesized by pulsed laser ablation technique in different aqueous solutions like 
Polyvinylpyrrolidone (PVP), citrate and Deionized (DI) water. The synthesized Ag NPs 
were characterized in depth using with transmission electron microscopy (TEM), UV-
Visible (UV-Vis), and photoluminescence (PL) spectra. Ag NPs were then combined with 
MB and used to eradicate the Gram-negative bacteria, Escherichia coli (E. coli), and 
Gram-positive bacteria, Staphylococcus aureus (S. aureus). MB and Ag NPs mixture was 
found to possess higher antimicrobial activity and thus were more effective in deactivating 
both Gram –positive and Gram-negative bacteria in comparison to individual exposure of 
MB and Ag NPs. Additionally, the antimicrobial effects varied with respect to the size of 
nanoparticles as well as the medium used for their synthesis. The data from this study 
supports the potential use of the proposed method in PDT where standard photosensitizers 
have limitations.  
CHAPTER 1 
INTRODUCTION 
1.1.      Antibiotic Resistance and Photodynamic Therapy 
Bacterial infections are a major cause of chronic infections that lead to high mortality 
of humans and animals. Starting from ancient Egypt, China, and Greece, the microbial 
infections management had been considered as a vital medical treatment [1, 2]. The 
discovery of penicillin in 1928 showed promising implementations for controlling 
bacterial infections, which saved millions of lives during the World War Ⅱ [1, 3, 4]. 
However, not passing long, the penicillin resistance became a significant clinical problem 
[5]. Despite transforming penicillin to more effective antibiotics, the antibiotic resistance 
emerged shortly thereafter, leading to the end of antibiotic era [5, 6]. The antibiotic 
resistance crisis has been attributed to the extensive use of antibiotics in food industry and 
agricultural sector, inappropriate prescription, and finally insufficient new drug 
development by the pharmaceutical industry [7-10].  
Antibiotic resistance is one of the biggest threats not only to global health, but also to 
environment, food security and world economy. Today, approximately 80% of antibiotics 
in U.S. are used in agriculture to promote growth, improve productivity, and prevent from 
infections [11, 12]. An estimated 90% of the antibiotics given to livestock widely 
dispersed through groundwater, fertilizer, and surface runoff, directly impacting the 
environmental ecology by altering proportion of resistant versus susceptible 
microorganisms [11, 13]. In addition, antibiotics play an important role in achieving major 
advances in surgery and medicine [8]. For example, in chemotherapy treatments, end-
stage renal diseases, organ transplants or in join replacements, antibiotics widely used to 
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prevent and treat infections [10, 14]. 10 million lives will be at risk annually, and about 
700,000 people will die every year from drug-resistant infections by 2050 as a result of 
failure to address this crisis [15]. Therefore, actions must be taken on time to overcome 
the global problem.      
To prevent further growth of antibiotic-resistance, it is key to understand the 
acquisition mechanism of resistance, and to develop new bactericidal materials and 
techniques. In general, in two ways bacteria can withstand the antibiotics: firstly, they can 
stop antibiotics reaching its target by pumping out once entered antibiotic’s molecules 
through efflux pump, and secondly they modify and degrade the antibiotics with enzymes 
produced by antibiotic resistance genes – plasmids [16]. It is well known that some 
bacteria are capable to resist antibiotics naturally, for example gram negative bacteria’s 
outer membrane is impermeable to large glycopeptide molecules making them 
intrinsically resistant to Vancomycin antibiotics [17]. Other bacterial species can acquire 
resistance through successful gene change or exchange that may involve vertical gene 
transfer like DNA replication, and horizontal gene transfer via transformation, 
transduction, and conjugation [18, 19]. Finally, it is also possible to gain resistance 
spontaneously through mutations, or by natural selection, where antibiotics deactivate 
drug sensitive competitors leaving behind resistant bacteria [18]. Therefore, to overcome 
these limitations of antibiotics, it is essential to investigate an alternative to antibiotics.  
Potential alternatives to antibiotics include using predatory bacteria and antimicrobial 
peptides, phages, and gene-editing enzymes and metals [20].  Here, we explore 
another alternative method [21-23], namely photodynamic therapy (PDT).  PDT uses 




and malignant and diseased cells through the release of excited (singlet-state) oxygen 
molecules [21, 23]. In comparison to conventional antibiotic-based methods, PDT shows 
fewer side effects and lower toxicity, and there has been negligible development of drug 
resistance [24, 25]. To make antimicrobial PDT more effective, along with a light source 
of the appropriate wavelength in the presence of tissue oxygen, the photosensitizer must 
be efficient. An ideal photosensitizer must possess strong absorbance at long wavelengths, 
excellent photostability, lower dark toxicity, and high quantum yield of singlet oxygen 
(1O2) [26, 27]. One of such photosensitizers is methylene blue (MB), that contains 
promising photophysical and photochemical properties, where the molecular structure is 
given in Fig. 1.1.1 [28, 29].  
 
Figure 1.1.1 The molecular structure of methylene blue 
By virtues of these properties, MB is used to control bacterial infection for skin treatment, 
dental therapy, and has shown promising results in in vivo regression of cancer and  
bacterial infections [24, 29-31]. Under the irradiation of red (630-680 nm) light, MB is 
able to generate copious reactive oxygen species (ROS), such as singlet oxygen, 1O2, and 
OH radicals, with quantum yield of around 0.50 at low concentrations ~10  M [32]. It 
has been demonstrated that the photogenerated 1O2 and ROS, reacts against tryptophan 




inhibiting protein production [30]. Nevertheless, the photodeactivation rate of MB was 
found to be significantly lower in plasma than in water, saline, and PBS solution; making 
it ineffective bacterial killing agent, especially in the human plasma [33]. However, MB 
attached to various carriers, including nanomaterials and quantum dots, enhanced their 
water solubility, improved their delivery into cancer cells, and showed synergistic effects 
in bacterial deactivation process [30, 34-36]. 
1.2.      Silver nanoparticles 
Silver nanoparticles (Ag NPs) is one of the most promising antimicrobial agent since 
they possess high germicidal activity against a broad range of microbes [37-39]. 
Moreover, the cost-effectiveness, availability as well as the lower toxicity toward human 
blood has attracted considerable attention in the treatment of infectious diseases [40]. 
Disinfection with silver is well known wound management technique from ancient times. 
Silver has been used extensively for medical purposes since as early as 4,000 B.C.E. 
Persians, for instance, used silver jugs to keep water fresh especially during the military 
conflict when the fresh water was not readily available [41]. Later, records shows that 
silver has been used as a blood purifier, counterirritant, even in the treatment of brain 
infections [41]. A comprehensive research on the antibacterial action of Ag NPs started 
around 2004 with the advancement of nanotechnology, and rose exponentially since then 
[42, 43]. The possible mechanisms and bactericidal activity of Ag NPs have been studied. 
The major causes underlining the antibacterial effects of Ag NPs were explained as 
follows: 1) direct damage of bacterial cell membrane by interfering with synthesis of cell 
wall and interacting with respiration; 2) generation of reactive oxygen species by silver 




penetration of NPs into the bacterial cell membrane; and 4) induction of intracellular 
antibacterial effects, including disruption of Adenosine triphosphate (ATP) production 
and DNA replication [44-46]. The most critical physical and chemical parameters that 
affect the antimicrobial potential of Ag NPs are size, shape, surface charge, concentration, 
and colloidal state [47-49]. 
1.3.  Synthesis of Ag NPs  
Ag NPs have been synthesized by many different methods to date [50]. Notable 
examples include chemical reduction, pulse laser ablation (PLA), electron irradiation, 
thermal decomposition, photochemical and biological synthetic methods [51, 52]. Among 
these methods, Liquid Phase Pulsed Laser Ablation (LP-PLA) technique provides simple, 
fast, cost-effective, pure, and compatible route to Ag NPs synthesis [53-55]. In contrary 
to traditional chemical reduction method, which uses toxic agents such as hydrazine and 
borohydrides, LP-PLA technique has been  demonstrated to be an environmentally 
friendly approach that meets all 12 Principles of Green Chemistry [54, 56, 57]. Shape, size 
distribution, purity as well as structural compositions are main attributes of NPs in medical 
and biological applications.  In LP-PLA, these parameters can be easily controlled by 
setting proper laser fluence, pulse repetition rate, exposure time, and varying the aqueous 
ablation medium  [52, 54]. Adducts such as surfactants and volume-excluders may 
influence on the size distribution, morphology, and stability of nanoparticles. For instance, 
the addition of  a proper amount of NaCl reduced the particles size distribution [58]; the 
synthesized NPs’ size was decreased with increased concentration of sodium dodecyl 
sulfate (SDS); polyvinylpyrrolidone (PVP) aqueous solution improved obtained colloid’s 




In this work, we have synthesized Ag NPs in citrate, PVP aqueous solutions, and in 
DI water by using LP-PLA method. Ag NPs were characterized by UV-Vis spectroscopy, 
and PL spectra. NP size distribution quantification was performed by transmission 
electron microscopy (TEM) images. Later, the synthesized Ag NPs in different aqueous 
solution along with commercial Ag NPs at 10 nm, 20 nm, and 40 nm size distributions 
was mixed with MB to increase singlet oxygen generation and photoresponsivity. In our 
study, we found MB/Ag mixture was more effective antibacterial compared to MB, and 
Ag alone. MB/Ag eliminated all Gram–negative and –positive bacteria colonies after 5 
minutes of irradiation at 660 nm light. Moreover, we explored the influence of the size of 
NPs as well as the medium on its photodeactivation when mixed with MB. 
1.4.  Fundamentals of Pulsed Laser Ablation Technique 
The nucleation, nanocrystal phase transition, and nanoparticle growth mechanism 
upon PLA in liquid is more complicated than in gas or vacuum due to involvement of both 
physical, such as laser-matter interaction, and chemical mechanism in liquid. In 
gas/vacuum, the laser beam directly hits the target, and through plasma plume formation 
generates small particles [60], while in the liquid, confinement process influence the 
thermodynamic and kinetic properties of plasma plume, therefore the condensing phase 
formation environment greatly changes [61]. In time scale, PL-PLA starts with laser-
matter interaction, then at different depth simultaneously thermal and nonthermal 
processes follow [52]. The laser-matter interaction starts with absorption of laser beam by 
a material and heat relaxation process. In metals, laser photons are absorbed by electrons, 
while in semiconductors and insulators, via photo-thermal effect, electrons excite from 




photons exceed band gap and causes nonlinear optical effect like multiphoton absorption 
[61]. Next, laser-induced heat ejects species with the large initial kinetic energy in 
nanoscale formation from the target surface, after which the thermal/nonthermal process 
begins [52, 62].   
The thermal process can be categorized into three steps: evaporation, boiling, and 
explosion. The evaporation begins when the solid/liquid phase transition to vapor (gas) 
occurs through the ionic, atomic, and molecular particle emissions [52]. During this phase 
transition the boiling process approaches: Vaporized liquids form heterogeneous 
nucleation of bubbles at the interface between highly heated liquid and solid (e.g. target 
material, other involved solids, impurities and defects on the surface of target etc.) [63, 
64]. These bubbles expand with more vaporized materials, then after reaching certain 
combination of critical temperature and pressure they collapse, and explosion takes place 
[65]. When the phase explosion occurs, nearby species are subjected to temperature 
increase up to thousands of Kelvins, where the pressure reaches multiple GPa. These 
extreme conditions are favorable for mass ablation, which allow creating the novel 
materials [66].  
The nonthermal route is governed by photomechanical effects. After ejection, the 
nonbonding electrons lead to disorder in the lattice structure. Then, spallation and 
fragmentation, two special variants are usually considered. Spallation – ejection of the 
entire layers of the targeted material due to impact or stress. The mechanical stress in the 
target lattice, followed plasma plume explosion, induces the generation of shock wave. 
Then this powerful pressure wave causes spallation by creating fractures inside the target. 




arises when the elastic stored energy is equalized with the isolation energy of fragments 
[52].   
The pulse duration and the electron-phonon equilibrium state timescale shape 
boundaries between thermal and nonthermal processes. For instance, if the pulse duration, 
𝜏  , is bigger than the time (𝜏 ~ 10  𝑡𝑜 10 𝑠) taken to equalize the temperature of 
electron gas (vapor) with lattice, then the quasi-equilibrium thermal process will be 
involved. Contrarily, when the pulse width is short (femto and picosecond), i.e. 𝜏  > 𝜏 , 
then the structural change time, 𝜏 , determines if the mechanism is thermal ( 𝜏  > 𝜏  ) or 
nonthermal (𝜏  < 𝜏 ) [61, 67].  
Furthermore, laser pulse duration also determines the type of material removal 
process; multiphoton absorption mechanism is observed in femtosecond beams, while in 
nanosecond pulsed lasers, as used in our experiment (Nd: YAG 1064 nm nanosecond 
pulsed laser), cascade ionization is dominant due to wavelength-dependent inverse 
Bremsstrahlung (IB) process [61]. The IB absorption coefficient, 𝛿 , for atom-electron 
and ion-electron is given by [68]: 
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− 1 𝑛 𝑛         (2) 
 
Here, 𝑚 , 𝜈, 𝑇 , Z, h, 𝑛 , 𝑛 , 𝑛 , and 𝜎   correspond to mass of electron, irradiation 
frequency of laser, the electronic temperature, the ionic charge, Plank’s constant, neutral 




section for electron-neutral atom collisions respectively. Through IB absorption, the free 
electrons gain sufficient energy to release bound electrons, then the number of free 
electrons increases thereby increasing the number of collusions, from each collusion ions 
are generated, and eventually the accumulation of ions results cascade ionization. This 
process causes formation of plasma plume (Fig. 1.4.1 a). Due to cavitation bubbles, 
mentioned previously, the plasma plume expands (Fig. 1.4.1 b) and forms vapor layer. 
When this plasma plume explodes, it creates shock wave. The liquid disturbance from 
shock wavefront creates more bubbles. So, in the secondary plasma plume formation, the 
vapor layer expands even more in thermal adiabatic condition (Fig. 1.4.1 c). Finally, as 
the plasma plumes cools down, the solid particles start to nucleate (Fig. 1.4.1 d). 
Subsequently, the growth of NP in liquid takes place (Fig. 1.4.1 e) [61, 69].      
Figure 1.4.1 Ag NPs ablation mechanism by ns-pulsed laser in time scale 
The laser parameters such as fluence, wavelength, pulse width, pulse repetition rate, 
and the optical (e.g., absorbance) and the thermal properties of targeted material are main 
factors that determine laser ablation. The amount of ablated material depends on the 
absorbed energy 𝑄 . Amendola et. al. observed the relation of 𝑄  , with the ablation 
depth, 𝐿 , duration of the ablation process, 𝜏 , and 𝜏  (time taken to equalize the 




𝜏 ≫  𝜏 , 𝐿 ∝  𝑄 , 𝜏 ∝  𝑄 , 𝜏 ∝  𝑄         (3) 
From equation 3, it can be concluded that as the energy of laser beam increases the ablation 
depth also increases. And the ablation process time, 𝜏  , and electron temperature time, 


















MATERIALS AND METHODS 
2.1. Silver nanoparticles synthesis 
Ag NPs were synthesized in different aqueous solutions by focusing 1064 nm Nd: 
YAG laser beam (Continuum Surelite II, 10 Hz repetition rate, and 5 ns pulse duration) to 
the silver surface as illustrated in Fig. 2.1.1. The silver target (99.99%, thickness 1.0 mm, 
Sigma-Aldrich) was adhered to the bottom of 500 ml beaker with double-sided carbon 
tape. Then 60 ml of ablation liquid was added to the beaker thereby making the liquid 
height above the target 11 mm. After, the beaker was placed on the XY-translation stage 
to control the position of laser beam relative to the target. In addition, this setup was 
rotated by shaker at 312 rpm to prevent accumulation of Ag NPs above the target and to 
minimize shielding effects. The laser beam was focused by converging lens with 300 mm 
focal length, and its power was set up to 200-220 mJ/s. The ablation time took 10-15 
minutes. 






2.2. Material characterizations of silver nanoparticles  
  The microstructure, morphology and the average size distribution of synthesized 
Ag NPs were analyzed with TEM (Jeol JEM-1400 plus) images placing a droplet onto a 
300-mesh copper TEM grid (SPI #2630 C). UV-vis spectrophotometer (Cole Parmer 
2800) was used to study the absorbance of Ag NPs in different aqueous medium, and to 
measure the singlet oxygen generations of MB, Ag, and MB/Ag by recording the optical 
density rate change of 9, 10- anthracenediyl-bis (methylene) dimalonic acid (ABMDMA) 
at 400nm. Finally, the photoluminescence spectra (PL) of Ag NPs in various solutions 
acquired by spectrofluorometer (Shimadzu RF-5301).   
2.2. Singlet Oxygen Measurements 
 An ABMDMA (Sigma Aldrich), with molecular structure shown in Fig. 2.2.1, was 
used in measuring the singlet oxygen generation of samples. When the ABMDMA goes 
into reaction with singlet oxygen, the optical density of ABMDMA decreases because of 
the transformation into endoperoxide forms.  
 




The absorption peak of ABMDMA is around 400 nm. Therefore, the change of absorption 
in every minute, under exposure of 660 nm of LED (12 W, 9 cm above the sample) had 
been measured at 400 nm until complete photobleaching. The samples were prepared in 
cuvettes by considering the real volumes of Ag NPs, MB, and MB/Ag used in the PDT 
experiment. So, in each trial we kept the volume of ABMDMA constant at 60µl, while 
the volumes of Ag, MB, and MB/Ag were 500 µl, 50 µl, and 500 µl/ 50 µl, respectively. 
Then each sample’s volume equalized to 1 ml by filling the remaining part with 
Phosphate-buffered saline (PBS) solution with 7.4 pH.  
2.3 Photodeactivation Experiment 
The antibacterial activity of synthesized Ag NPs, MB, and the MB/Ag 
combination were evaluated by using the S. aureus and E. coli bacteria. Bacteria were 
cultured in Luria-Bertani (LB) broth media (Lennox, Fisher scientific) by incubating for 
24 hours. After 24 hours of incubation time, the bacteria growth in LB broth media reaches 
a concentration of ~ 10  (O.D. ~ 3.5) colony forming units/ml (CFU/ml). Then the serial 
dilutions method must be performed until the concentration reaches 10  CFU/ml (O.D. ~ 
1.8). Subsequently, 106 concentration of bacteria were inoculated to 8 different disposable 
plates (Cell Treat) as shown in Fig. 2.3.1 (a & b). Here, 4 different sample groups were 
prepared in duplicate which comprised of (1) bacteria only, (2) bacteria + Ag NPs, (3) 







Figure 2.3.1. (a) Control samples (b) Irradiated samples (c) Bacteria irradiation with 660 
nm LED 
 
After mixing these samples with shaker (100 rpm) for 10 minutes in the dark, one of the  
samples from each group were exposed with 12 W red LED (Fig 2.3.1 c) for 3-5 minutes 
at 9 cm height, while the other one was kept as a control. Later, these samples serially 
diluted 4-5 times and placed 50 µl in petri dishes (Fig. 2.3.2).  
 





For example, bacteria in MB/Ag plates as shown in Fig. 2.3.2, 500 µl of Ag NPs, 50 µl of 
MB, 100 µl of bacteria from LB broth media were used. And to make the solution in total 
1 ml, additionally filled by 350 µl of PBS solution. Finally, the bacterial counts of each 
























RESULTS AND DISCUSSIONS 
3.1. Material characterizations 
i.  TEM analysis 
The morphology and the particles size distribution were studied by transmitting 
electron microscopy (TEM) images. TEM is a technique that uses a highly energetic 
electron beam to image a nanoparticle sample, providing much higher resolution (up to 
Angstrom resolution) than is possible with light-based imaging techniques. TEM is a very 
effective method to directly measure nanoparticle size, grain size, size distribution, and 
morphology. Figure 3.1.1 illustrates the TEM images of commercial (10 nm, 20nm, 40 
nm Silver Nanospheres, Citrate, NanoXact) Ag NPs with average size distributions.  
(a) (b) (c) 
50 nm 50 nm 50 nm 
Figure 3.1.1 Upper panel: TEM images of commercial Ag NPs in citrate solution a) 10 nm 




The statistical analysis shows that the distribution is Gaussian with mean average of 10 
nm, 20nm, and 48nm. The average size distribution of our synthesized Ag NPs were 23 
nm in DI water; in citrate (Sodium Citrate Dihydrate, Fisher) aqueous solution with 
concentration of 2 mM was found to be 10 nm; in 2 mM Polyvinylpyrrolidone (PVP, 
Sigma-Aldrich) aqueous medium the average size distribution was 15 nm (Fig. 3.1.2).  
The TEM results show large distance between individual nanoparticles. Therefore, 
it can be concluded that electronic coupling between nanoparticles is negligible and does 
not contribute their optical spectra. It is also important to note that, the average size 
distribution in aqueous solutions with additives like PVP and citrate is smaller than in DI 
water. This shows that such additives may increase the plasma plume confinement during 
the ablation, thereby making possible to synthesize nanoparticles with smaller size 
distribution.    
(d) 
(a) (b) (c) 
50 nm 50 nm 50 nm 
Figure 3.1.2 Upper panel: TEM image of Ag NPs in different medium (a) in DI water 




ii. UV VIS analysis 
It is known that small nanoparticles show distinct properties such as absorption and 
scattering compared to bulk materials. Collective coherent excitations of free electros in 
the conduction of the nanoparticles, also known as surface plasmonics resonance, leading 
to enhanced local electric field, are responsible for the strong absorption and scattering. 
UV-Vis spectrum absorption peaks for Ag NPs in citrate, PVP, and DI water solutions 
right after 10 minutes of irradiation with 210 mJ/pulse pulsed laser were determined at 
392 nm, 397 nm, and 399 nm respectively as shown in Fig. 3.1.3.   
These peak distinctions occurred due to size distribution differences, whereas the 
diameter of NPs increases the peak of plasmon resonance shifts to longer wavelengths and 
broadens. Smaller nanospheres primarily absorb light and have peaks near 400 nm, while 
larger spheres exhibit increased scattering and have peaks that broaden and shift towards 









differs from each other, while the size distribution does not affect to the color of sample 
(Fig. 3.1.4).  
 
Our TEM analysis (Fig. 3.1.1) also shows that the average size distribution of Ag 
NPs obtained in citrate medium is much smaller than in PVP solution or in DI water; 10 
nm (UV-Vis peak: 392nm) vs 15 nm (UV-Vis peak: 397nm)  and 23 nm (UV-Vis peak: 
399nm) respectively. The size of NPs obtained through LP-PLA technique depends on 
thermodynamic properties of plasma such as temperature, pressure, and density of 
aqueous solution [59, 71, 72]. It has been reported that the increased density and viscosity 
of solvents by PVP also increases the plasma confinement during the ablation process 
[59]. In addition, pressure inside the cavitation bubble in PVP (or citrate) solution is higher 
than in DI water, which in turn results in  decreased sizes of ablated NPs [59]. 
 Furthermore, plasma species inside PVP solution were found to be more confined 
by the solvent compared to water. This increased plasma confinement is probably due to 
higher density and viscosity of the PVP. Figure 3.1.4 shows how the UV-Vis absorbance 
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in case of multi-nanoparticle aggregate the plasmon resonance will be shifted to a longer 
wavelength.  
We found the Ag NPs in DI water is relatively stable. Moreover, it can be observed 
that Ag NPs in citrate medium after rapid changes in first 4 weeks become more stable, 
while the absorbance peak of Ag NPs in PVP solutions continuously changes showing the 
accumulation of NPs to bigger colloids. 
iii. Photoluminescence (PL) analysis  
The photoluminescent emission spectroscopy was employed to study the optical 
properties of Ag NPs. Fig.3.1.5 shows the excitation dependent photoluminescence of Ag 
NPs in citrate, PVP, and DI water solutions.  The silver nanoparticles show size-dependent 
photoluminescence emission due to surface plasmon resonance (SPR). The strong SPR 
will eventually lead to enhancement of the quantum yield of the photoluminescence [73-
75]. The peak absorption wavelength and width of the absorption band depends on the 
size, shape, spatial orientation, and optical properties of the nanoparticles and solvent 




medium.  It was shown that maximum PL band was close to interband absorption edge, 
possibly due to interband radiative transitions.  
In addition, as our results show in Fig. 3.1.6 a, when the size of the silver 
nanoparticles decreases, the intensity of the PL increases. This indicates a strong influence 
of nanoparticle surface on the PL spectra. It should be noted that when the size of the 
particles becomes smaller than the mean-free path of the electrons in bulk metal, the 
electron-surface scattering of the particles leads to the broadening of the SPR band and is 
referred as the internal size effect [76].  The radiative damping effect causes the decrease 
in the local electric field inside the particles when the silver nanoparticles size become 40 
nm. Eventually, this leads to a decrease in P intensity as shown in Fig. 3.1.6 a. 
Furthermore, in Fig.3.1.6 the PL emissions at 310 nm excitation light for Ag NPs are 
compared according to their size distribution and the medium.  
3.2       Singlet oxygen measurement 
From photo-degradation of ABMDMA in MB, Ag, and MB/Ag solutions over 
irradiation time, the singlet oxygen generation have been determined. Here, we compared 
(a) (b) 
Figure 3.1.6 (a) PL of Ag NPs in citrate solution with average size distribution of 10nm, 




the amount of singlet oxygen generation according to the size and the aqueous medium of 
nanoparticles (Fig. 3.2.1). The slopes of Ag NPs alone independently from size and 
medium were zero, which ascertains no ROS yield. However, the combination of Ag NPs 
with MB surpassed the 1O2 generation of MB alone. This can be due to contribution of 
nanoparticles to increase the lifetime of the triplet state of MB, or improvement of 
intersystem crossing (ISC) [77-79].  
It is also important to note that as the size of Ag NPs decreases the ROS production 
increases, which may be due to higher interaction of small sized Ag NPs with MB because 
of the greater surface area to volume ratio. Finally, the singlet oxygen generation in DI 
water was higher than in PVP and citrate solution.     
3.3   Bacterial experiment  
i. Size dependent properties of Ag NP 
Our results show that the MB/Ag combination can entirely deactivate 106 CFU/ml 
Gram- negative E. coli and Gram-positive S. aureus bacteria in 5 minutes of irradiation 
(a) (b) 
Figure 3.2.1 Singlet oxygen generation of Ag, MB, and MB/Ag at different time 




time. The results showing the effects of Ag NPs size distribution, and MB/Ag combination 
toward E. coli and S. aureus bacteria after 3 minutes of irradiation is provided in Fig.3.3.1. 
MB/Ag combination showed higher bactericidal effects than MB and Ag alone for both 
E. coli and S. aureus bacteria. The synergistic effect of AgNO3 and MB mixture against 
five different bacterial strains including S.marcescens and E.coli has been previously 
demonstrated by Li et al.[30].                                                                              
In this study, we report improved germicidal activity of MB coupled with Ag NPs in 
PDT under different conditions. In addition, we explored two different parameters that 
influence the germicidal activity. First, we observed the influence of size of Ag NPs on 
inhibition of bacteria when mixed with MB. Secondly, we have shown how the growth 
medium of Ag NPs as well as the combination of MB and Ag NPs on that medium affects 
deactivation process. Our results suggest that as the size of Ag NPs decreases, it becomes 
more toxic toward both Gram-negative and Gram-positive bacteria (Fig.3.3.1). This can 
be due to higher probabilities of small Ag NPs to penetrate into bacteria, and damage 
DNA and mitochondria [80, 81]. Moreover, as particle size decreases, the surface area-to-
Figure 3.3.1 E. coli (left) and S. aureus (right) bacteria CFU in percentages 




volume ratio increases, which leads to higher accumulation of Ag NPs to the bacterial 
surface; blocking the respiratory system and making it more toxic especially for an aerobic 
bacteria [82, 83]. In the presence of MB/Ag NPs, the number of bacterial colony forming 
units significantly dropped compared to the samples treated with MB only and Ag NPs, 
within 3 minutes of irradiation time. The cellular morphology alteration and membrane 
disruption caused by Ag NPs may create permeable holes for MB, which after entering 
the cell generates singlet oxygen and cause bacterial inactivation. It is important to note 
that the red light itself has no effect on bacteria viability as well as MB in the absence of 
light [35].  
ii. Effects of medium to antimicrobial activity of Ag NPs 
Our data showed a higher sensitivity of E. coli than S. aureus when MB mixed 
with Ag NPs. Interestingly, Ag NPs only solution shows partial suppression  of S. aureus 
but not E. coli which can be due to the peptidoglycan layer differences between the two 
strains[49].             
Figure 3.3.2 E. coli (left) and S. aureus (right) bacteria CFU in percentages before and 




We also tested how the nanoparticle synthesizing medium affects the viability of 
bacterial strains after PDT treatment. The results after 3 minutes of irradiation suggest that 
Ag NPs in DI water are more effective in eradication process compared to PVP and citrate 
solutions as shown in Fig. 3.3.2. This might be due to higher release of silver ions (Ag+) 
in water enabling Ag+ to interact with a number of electron donor functional group such 
as thiols, phosphates, hydroxyls, imidazole, and indoles[45, 81]. Moreover, developed 
electrostatic force between negatively charged bacterial cells and positively charged 
nanoparticles promotes higher interaction between the two entities [84, 85]. 
 
CONCLUSION 
Ag NPs with average size distribution of 23 nm in DI water, 10 nm in citrate 
solution, and 15 nm in PVP medium were synthesized by using LP-PLA method. Material 
characterizations of Ag NPs were performed by UV-Vis and PL spectroscopy, while the 
size distribution and the morphology of Ag NPs were studied with TEM images. We found 
that as the average size distribution of Ag NPs decreases, its antimicrobial activity 
increases. Our results also suggest that MB/Ag NPs combination increases the singlet 
oxygen generation, where a lower amount of MB produced more anti-bacterial activity. 
Moreover, MB/Ag NPs showed higher antimicrobial effects compared to MB and Ag NPs 
alone. Within 5 minutes of irradiation time with 660nm LED, the MB/Ag NPs deactivated 
entire ~ 106 CFU/ml concentrated Gram-positive, S. aureus, and Gram-negative, E. coli, 
bacteria. MB/Ag NPs could be effective in killing bacterial pathogens in open wounds, in 
vivo cancer and tumor treatments located near the skin, and in plasma purification. Further 




prosthetic joint infections. In addition, Ag NPs synthesis method also must be improved 
by applying the post-irradiation technique to acquire more stable Ag NPs with less size 
distribution. Finally, the changes of colloidal states of Ag NPs in various aqueous solution 























APPENDIX A: SAMPLE PREPARATIONS 
 
I. Preparation of 7.4 pH phosphate buffer solution. 
 
Initially, the solution consisting of 364.50 mg of sodium phosphate dibasic 
(≥ 99.0%, Sigma Aldrich), 4.5027 g of sodium chloride (BioXtra, ≥ 99.5%, Sigma 
Aldrich), and 105.40 mg of potassium phosphate monobasic (≥ 99.0%, Sigma 
Aldrich) must be prepared. After, 500 ml of DI water is gradually poured by 
mixing the solution each time in 500 ml volumetric flask. Finally, this mixture 
autoclaved at P15 cycle (~60 minutes).  
II. Preparation of 6.1 * 10-5M Methylene blue  
In 500 ml volumetric flask, 11.4 mg of methylene blue powder is placed. 
Later, 500 ml of autoclaved DI water must be added. This solution must be covered 
with aluminum foil to protect from photobleaching. 
 
III. Preparation of 2 mg/ml ABMDMA solution 
 
In a 1.5 ml tube, 2 mg of ABMDMA is weighed on 0.1 mg sensitivity 
electronic scale and mixed with 1 ml of DI water. This mixture then must be 
covered with an aluminum foil and stored at room temperature. 
IV. Preparation of Luria-Bertani (LB) agar media 
 
400 ml of DI water is filled in 1 L Erlenmeyer flask. After, 20 g of LB agar powder 
(Fisher scientific) added on it and with magnetic stirring bar mixed to dissolve all powder. 
Next, 100 ml of DI water is added to remove stuck powder at flask. Then, the flask placed 
to autoclave at P15 Cycle mode (~60 minutes). Right after the autoclave time, the flask 




the LB agar is poured into the sterile Petri plates, which is left to cool down for 15 minutes 
as shown in Fig. A1.1. to solidify the media. Later, to prevent condensation onto the media 
the plates must be turned upside down and left to dry in safety cabinet for 3-4 hours.  
 
 
Figure A1. LB agar plates are left to solidify in a fume hood. 
 
Finally, dried plates are packaged and refrigerated with labels showing the date. 
  
V. Preparation of LB broth media. 
 
In a 1 L Erlenmeyer flask filled with 350 ml of DI water, 10 g of LB broth 
powder (Lennox, Fisher scientific) is added. After, this solution must be mixed 
with magnetic stirring bar to dissolve all powder. Next, by pouring additional 100 
ml of DI water, stuck powder must be removed. Then the flask is autoclaved at 
P15 cycle mode (~60 minutes). Finishing the autoclave, the mixture is left to cool 




important to note that, in case of noticed contamination the LB broth should not 
be used, instead must be autoclaved again at P15 cycle and disposed.  
VI. Bacterial cell growth on LB broth media. 
 
First, fume hood, safety cabinet, 10 ml serological pipette, 14 ml round 
bottom tube, and sterile inoculating loop sterilized by 70% ethanol, and placed 
under the safety cabinet. LB broth media’s cover is held on the fire (Bunsen 
burner) to keep it sterile. Next, by serological pipette 5 ml of LB broth must be 
poured into the round-bottom tube. After, by barely touching E. coli and S. aureus 
single colonies, received on LB agar media plate, the inoculating loop mixed with 
LB broth media. Then, this mixed LB broth-bacteria media is incubated at 37oC 
with 320 shaking speed for 24 hours (Fig A2, steps 1,2).  
VII.  Bacterial cell growth on LB agar media. 
After 24 hours of incubation time in LB broth media, 10 µl (droplet) of 
solution from LB broth media is placed onto the LB agar plate. From the droplet 
four separate lines are gently drawn, from each line another four lines must be 
drawn. And this process must be repeated two more times. After finishing the 
spreading, the plate must be incubated at 37oC for 24 hours. Note: The experiment 
requires fresh bacteria, which must be prepared every two weeks (Fig. A2, steps 








A2. Bacteria cell growth in LB broth and LB agar media 
VIII. Colony forming units (CFU) calculations. 
Initial bacteria solution is serially diluted, which is after irradiation 
procedure placed on agar media, and the number of CFU is counted after 24 hours 
of incubation time. The results are indicated as “lawn”, “TNTC”, and the 
numerical (countable) value (Fig. A3). Here, “lawn” indicates uncountable 
number of colonies, while the “TNTC” stands for too numerous to count. The 
numerical values are only countable plates, which are counted if the number of 
colonies is in the range of 20-300 by using the following formula:    




In fact, this formula gives the number of colonies for initial concentration before 
dilution. For example, to find the #CFU of initial concentration when the plate #6 
has 61 CFU, we use such operation: #CFU=61×1,000,000=61,000,000.  
The CFU/ml can be found by multipling by 1000 and dividing by 50, because 50 
μL was pipetted out of 1000 μL. Then #CFU=61,000,000×20=1,220,000,000 
(CFU/ml) 
Figure A2. Lawn, TNTC, and countable colonies of bacteria 
IX. Preparation of TEM grids 
Firstly, the grids (SPI, 300 mesh, 3 mm) must be washed with hydrochloric 
acid, immediately after with DI water, and finally with acetone. These grids must 
be dried by filter paper then placed on petri dish. Meanwhile the microscope slide 
(Fisher) should be soaked in alconox solution (2.5 % w/v) about ~3 min. Next, the 
column is washed with ethylene dichloride and poured up to the mark by 1% 
formvar in 1,2 dichloroethylene. Afterwards the microscope slide must be taken 
out gently and dried with a tissue paper. This slide must be then inserted into the 
column and waited in the solution around 3 min. Later, take the slide from column 
and dry well. Next, scratch three times the edges of the slide with a razor. Finally, 
immerse into DI water and the two layers of thin film would come off. Place the 




to the parafilm (Fig. A3). Pull back the parafilm after making sure that all grids 
are attached. Then dry formvar with a filter paper and by using a tweezer separate 
each grid from parafilm. Now, the grids are ready to put samples in order to get 
their TEM images.  
Figure A3. TEM grids attached to parafilm 
X. Preparation of PVP solution 
In this project we used 2 mM of Polyvinylpyrrolidone (PVP) aqueous 
solution. To get 2 mM solution, weight 1.2 g of PVP (Sigma-Aldrich) with average 
molecular weight of 10,000 g/mol and put into 100 ml beaker. Next, add 60 ml of 
DI water and mix the solution. All 60 ml of this solution must be used as an 
aqueous solution in the laser ablation. 
XI. Preparation of Sodium Citrate solution 
We kept the concentrations equal for each media. Therefore, in order to get 
2 mM of solution, weight 35 mg of Sodium Citrate Dihydrate (Fisher) with 
molecular weight of 294.10 g/mol and put into 100 ml beaker. Next, add 60 ml of 
DI water and mix the solution well. All 60 ml of this solution must be used as an 




XII. Concentration measurement of Ag NPs in aqueous solution 
The mass of Ag target must be measured with electronic balance before 
and after the laser ablation (Fig. A4). Make sure that before each mass 
measurements Ag target is well dried. Now, divide the change of mass by the 
volume of used aqueous solution to calculate the concentration.  
Figure A4. Ag target before and after laser ablation in liquid media  
For example, if the mass change of Ag target is equal to 66 mg – 60 mg = 6 mg, 
and the volume of the liquid is 60 ml, then the concentration of the solution would 
be 0.1 mg/ml. In general, the following formula must be applied: 
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =  













XIII. The list of used materials and instruments 
 
Instrument/Material Company name Model/purity 
Silver target Sigma-Aldrich Foil; 1 mm; 99.99% 
Methylene blue Sigma-Aldrich M9140-25G 
ABMDMA Sigma-Aldrich 75068-50MG 
LB agar powder Fisher Scientific  
LB broth powder Fisher Scientific  Lennox 
Potassium phosphate 
monobasic 
Sigma-Aldrich ≥ 99.0% 
Sodium phosphate dibasic Sigma-Aldrich ≥ 99.0% 
Sodium chloride BioXtra ≥ 99.5% 
Sodium citrate dihydrate Fisher Scientific BP327-500 
Polyvinylpyrrolidone Sigma-Aldrich PVP10-500G 
Tissue culture plates Celltreat Scientific 
Products 
6 well 
Serological pipet Celltreat Scientific 
Products 
229010B 
Culture tube Fisher Scientific  
Petri dishes Fisher Scientific  
Micro centrifuge tubes Celltreat Scientific 
Products 
 
300 mesh super grid 2SPI Cu, 3 mm 
TEM Jeol JEM-1400 plus 
UV-Vis spectrophotometer Cole Parmer 2800 
Spectrofluorometer Shimadzu RF-5301 
Centrifuge Midwest Scientific  






APPENDIX B: ND:YAG LASER OPERATION 
The sign “Danger! Laser in use” sign must be placed on the outside door, and 
everyone in the lab should be informed before turning on the laser. Safety glasses and 
laboratory coats must be worn during the works with laser. The cooling water level inside 
the chiller of main controller unit must be checked once every month.  
Turn ON Procedure: 
1. The key-switch must be turned counterclockwise by 90o degrees to turn on the laser. 
Then the “Laser ON” sign turns on. The laser should be left on for 5 minutes to warm 



























2. To change the Q-switch’s value, press multiple times (toggles between different 
modes) the SELECT button until the Q-SW DELAY LED turns on as shown in 
Fig.B1, then by using the UP and DOWN buttons set to desired value. It must be 
noted that as the Q-switch’s value increases the output power value decreases. In 
addition, 10 units change of Q-switch causes beam properties change, such as 
beam shape, pulse duration etc. 185 is the minimum (critical) value to be used, in 
this experiment Q-switch was set to 225.  
 
3. To set the frequency of laser pulses, press the SELECT button until you read the 
F10 value shown in Fig.B2. Here, F10 stands for frequency of 10 Hz, which is 
used in this project. It is also possible to change the frequency value by using UP 
and DOWN buttons. For example, when you set 12 Hz the screen will show F12.  
 
Figure B2. Changing the frequency and mode of the laser. 
 
 
4. To switch between continuous (P01) and manual single shot (P00) modes press 




pressed one time to change it into P00. After selecting P00 mode, the 
START/STOP button must be pressed to start the laser. 
 
Figure B3. Single shot cable and shutters. 
 
5. Wait for ~ 5 min to warm up and stabilize the laser, then press the SHUTTER 
button to open the first shutter (light turns on), next the shutter in front of the laser 
(second shutter) must be opened by sliding to the left (Fig. B3).   
6. CAUTION! Make sure that laser beam is safe and following the expected optical 
path. Use burn paper to check the position of the beam. With power meter measure 







7. To adjust the power of the beam, halfwave and polarizer are used (Fig. B4.). 
Polarizer divides the laser beam into straight and perpendicular path, therefore 
reflected beam must be blocked by a beam dump. The straight beam passes 
through the halfwave plate, which is used to control the power of the beam by 
rotating clockwise/counterclockwise directions.  
Figure B4. Optical alignment and power meter 
8. The power of the laser must be measured again right after the experiment to check 
the steadiness of the beam. Then, the laser must be stopped by pressing the 
START/STOP button. Next, the shutters must be closed, and the mode must be 
changed from P00 to P01. After 5 minutes the laser must be switched off by turning 
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